M-DNA is a complex between divalent metal ions such as Zn 2+ and duplex DNA which forms at pH 8.5. Unlike B-DNA, M-DNA does not bind ethidium so that M-DNA formation can be monitored conveniently by an ethidium fluorescence assay. M-DNA was shown to be a better conductor than B-DNA by fluorometric measurements of electron transport in donor-acceptor labelled duplexes; by direct conductivity measurements of M-DNA bound between gold electrodes and by cyclic voltammetric studies on ferrocene labelled duplexes attached to gold microelectrodes. As is the case with B-DNA, M-DNA can self-assemble into a variety of structures and is anticipated to find widespread use in nanoelectronics and biosensing.
Introduction
Self-assembly is essential for the construction of nanoscale devices. Several self-assembling systems have been welldescribed in the realm of cell and molecular biology. Of these, DNA has attracted a lot of attention because of its high information density coupled with a simple chemistry and structure. The construction of three dimensional cubes, and simple switches and motors from DNA building blocks has already been reported. [1] [2] [3] However, the usefulness of DNA in nanotechnology would be enhanced considerably if it were a good electronic conductor. [4] [5] [6] In this report, we will describe the properties of M-DNA which is a complex of duplex DNA (B-DNA) with certain divalent cations. M-DNA is readily formed from B-DNA and thus, retains the essential characteristic of self-assembly. However, unlike B-DNA, M-DNA is a good conductor and may find widespread use in nanoelectronics and biosensing.
M-DNA Is a Distinct Conformation
The discovery of M-DNA in 1992 was quite fortuitous. 7 Thermal denaturation profiles were being measured for duplex DNA at high pH (9.0) in the presence of Zn 2+ ions; the melting temperature under these conditions was increased which was unexpected since at neutral pH Zn 2+ is known to destabilize the DNA. 8 A second critical experiment was performed shortly after with the intercalator, ethidium bromide (EB). EB binds strongly to both B-and A-type duplexes with a large increase in its fluorescence. 9 However, on addition of Zn 2+ at high pH the fluorescence of EB was quenched suggesting that a novel conformation was being formed. It was called M-DNA because of the intimate involvement of metal ions.
The lack of EB binding to M-DNA is readily demonstrated by absorbtion spectroscopy. As shown in Fig. 1a , free EB has a characteristic absorption maxima at about 480 nm which decreases and shifts to about 525 nm when it is bound to DNA. 10 Addition of Zn 2+ at pH 7.5 causes no significant change to the spectra. The experiment was repeated at pH 8.5 (Fig. 1b) and again the free and bound forms of EB have absorption maxima at 480 and 525 nm, respectively. However, upon addition of 0.2 mM Zn 2+ at pH 8.5 to form M-DNA the absorbance increases and the maximum shifts to 480 nm, indicative of the free form of EB. Since EB does not bind to M-DNA, a rapid EB fluorescence assay was developed which allowed many of the basic properties of M-DNA to be elucidated. 7 In general, M-DNA can be formed from all duplex sequences at pHs between 8 one proton per base pair per metal ion was eliminated compared to B-DNA. On the basis of these experiments it was suggested that the imino protons of guanine and thymine were replaced by the metal ion without disrupting the helical nature of the duplex (see Fig. 2 ). Although structural studies of M-DNA by X-ray crystallography are eagerly awaited, the above model satisfactorily explains the physical chemistry of M-DNA. For example, the lack of EB binding is due to repulsion between the positively-charged drug molecule and the positively-charged metal ion. It should be noted that the conditions under which M-DNA will form are quite restricted. If the pH is too low M-DNA will not form; if the pH is too high, the metal salts will precipitate as hydroxides. As well, high concentrations of Zn 2+ and low ionic strength which tend to favor the formation of M-DNA at pH 8.5 can lead to denaturation of the duplex at pHs above 9. Recently, the provenance of M-DNA has been expanded by the discovery that the incorporation of modified bases such as 5-fluorouracil (5FU) or hypoxanthine (H) enables M-DNA to form at lower pH. 11 Both 5FU (pKa, 7.8) and H (pKa, 8.8) have pKas which are lower than the bases which they replace, thymine (pKa, 9.9) and guanine (pKa, 9.4). 11 It is hypothesized that the lower pKa of the base allows the imino proton to be replaced by the metal ion at a lower pH.
M-DNA Is a Good Conductor
The structure of an M-DNA duplex can be considered to be a string of metal ions surrounded by an organic sheath suggesting the intriguing possibility that it behaves as a molecular wire. Three methods have been used to study electron transfer in M-DNA.
First, duplexes were constructed with a donor fluorophore at one end and an acceptor at the other. In initial experiments fluorescein was used as the donor and rhodamine as the acceptor on duplexes of 20 or 54 base pairs in length. 12 Upon formation of M-DNA the fluorescence of the fluorescein was quenched but only for duplexes containing rhodamine. Lifetime measurements of the excited fluorescein confirmed that the quenching was due to electron transfer between donor and acceptor. If the duplex was cut with a restriction enzyme or bound to a protein which prevented M-DNA formation, no quenching was observed. 12 More recently, other acceptors such as QSY7 and pyrenecarboxylic acid (PCA) have been studied on duplexes of 30 base pairs. As shown in Fig. 3 , the fluorescence of fluorescein begins to be quenched when the Zn 2+ concentration reaches about 0.15 mM and maximum quenching occurs at about 0.4 mM Zn 2+ . The EB fluorescence assay described above was used to show that this concentration range of Zn 2+ corresponds to the formation of M-DNA under these conditions. Unlike rhodamine whose fluorescent spectrum partially overlaps that of fluorescein, QSY7 is a so-called "dark quencher" which does not fluoresce so that the spectral analysis is simplified. Similarly, the absorption spectrum of PCA does not overlap the emmission spectrum of fluorescein so that quenching cannot occur by resonance energy transfer mechanism. 13 Second, direct measurements of the conductivity of B-and M-DNA have been performed with phage λ DNA which is about 15 µm in length. 14 The DNA was placed between two gold electrodes separated by a deep physical gap. The current was measured as a function of voltage and B-DNA showed semiconducting behavior with a bandgap of a few meV. M-DNA, on the other hand, showed a linear relationship between current and applied voltage with no apparent bandgap providing direct evidence for metallic-like conduction. The electron transfer rate is estimated to be greater than 10 10 s -1 which is many orders of magnitude greater than for B-DNA. 14 Third, electrochemical methods such as cyclic voltammetry (CV) can also be used to measure electron transfer rates through B-DNA and M-DNA self-assembled monolayers (SAMs) on gold electrodes. In one format, duplex DNA oligomers were synthesized with ferrocene as a redox reporter attached to one end and a disulfide linker at the other as shown in Fig. 4 . One advantage is that electroactive SAMs are much less sensitive to pinholes and other defects. 15 The DNA SAMs were prepared by immersing micro gold electrodes (diameter, 50 µm) into solutions containing 0.1 mM disulfide-modified Ferrocene-DNA pre-hybridized with its complementary strand. The electrochemical behavior of the redox-active DNA-coated electrodes was studied by CV with a conventional design of a three-electrode system at room temperature in 20 mM pH 8.5 Tris-ClO4 buffer solution.
As shown in Fig. 5 for B-DNA the ferrocene redox center on the surface exhibits a simple and kinetically facile one-electron reduction and oxidation at 375 mV and 495 mV vs. Ag/AgCl, respectively.
The shape of the features in the cyclic voltammograms are independent of scan rate from 100 mV/s up to 10 V/s, and the height of the peaks scales linearly with scan rate. Repeated scanning over several hours did not decrease the peak currents significantly demonstrating that the SAMs were stable. The surface coverage of the electroactive Fc-DNA monolayers is quantified to be ca. 60±15 pmol/cm 2 from cyclic voltammograms.
Conversion of B-DNA to an M-DNA monolayer was achieved by exposing the electrode to 20 mM Tris buffer (pH 8.5) containing 0.4 mM Zn(ClO4)2 for 2 h. As shown in Fig. 5 , the electron transfer kinetics have become faster due to M-DNA formation as is evident from the increase in the peak current and in the decrease of the separation between the anodic and cathodic peaks from 120 mV to 90 mV. Other electrochemical techniques include CV with the redox reporter in solution, chronoamperommetry and AC impedance measurements. 16 Details of these techniques will be published elsewhere.
Towards Nanoelectronics and Biosensors
The above experiments provide compelling evidence for efficient electron transfer in M-DNA by three independent methods. Clearly the mechanism of conduction in M-DNA is different from that of a copper wire. One view is that the electrons hop from one base pair to the next as has been proposed for B-DNA. 17 However, the measured electron transfer rate in M-DNA is many orders of magnitude greater than that for B-DNA. 6 Alternatively, the presence of the metal ions in M-DNA may lead to the formation of an electronic conduction band with a very low voltage threshold. 18 Quantum effects may also be very important with electron transfer in M-DNA since single electrons are involved. In some technologies this may be detrimental whereas in others, coherent electron spin for example, it might be advantageous. In any event the moleculer wire properties of M-DNA may prove to be useful in a wide variety of applications. Two of these are illustrated below.
Not only can DNA self-assemble but also two and three dimensional structures can be created. 19 An example of a threeway junction which can be assembled from three singlestranded sequences is shown in Fig. 6 . As long as the sequence of the three arms are sufficiently different then a single unambiguous structure will form. As well each arm can be designed to carry a different functional group; labeled A, B and C in Fig. 6 demonstrated that electron transfer can occur through the threeway junction after conversion to M-DNA (data not shown). Therefore, such M-DNA structures may provide convenient conducting connections between other nanoelectronic devices. For example, if one of the functional groups is a thiol then it can be used to attach the structure to a gold electrode. 15 Alternatively, devices can be constructed in which the conductivity of the molecular wire can be modulated by the binding of proteins or small molecules to the DNA (Fig. 7) . As was shown previously, 12 when a sequence specific protein binds to the DNA it prevents formation of M-DNA and signal transduction between A and B is prevented. DNA binding drugs, many of which are antitumour agents, can be analyzed in a similar way.
Conclusion
The concept of self-assembly is becoming increasingly important because it provides a practical strategy for building nanostructures. 20 DNA may prove to be an ideal selfassembling building block because of the simplicity of its secondary structure combined with the versatility of its quaternary structure; many nanostructures based on DNA have been proposed. 21 But, as described in this report, DNA can also be converted into a good conductor. The possibilities for nanoelectronics and biosensing appear limitless.
